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[1] We use the GEOS-5 general circulation model to simulate the transport of the volcanic
cloud from an eruption similar to the 1991 eruption of Mount Pinatubo. The simulated
aerosol optical thickness and transport of the volcanic cloud are in good agreement with
observations of the actual Pinatubo eruption from the Stratospheric Aerosol and Gas
Experiment II (SAGE II) and the Advanced Very High Resolution Radiometer (AVHRR)
and with vertical profiles of sulfur dioxide observed by the Microwave Limb Sounder
(MLS). We tested the importance of initial conditions corresponding to the specific
meteorological situation at the time of the eruption by comparing results when GEOS-5
is initialized using Modern Era Retrospective Analyses for Research and Applications
(MERRA) reanalysis fields with results when it is initialized from an existing model
run. We found no significant difference in the transport of the cloud. We show how the
inclusion of the interaction between volcanic sulfate aerosol and radiation is essential
for a reliable simulation of the transport of the volcanic cloud. The absorption of longwave
radiation by the volcanic sulfate largely induces the rising of the volcanic cloud up to the
middle stratosphere and the divergent motion from the latitude of the eruption to the
tropics. Our simulations indicate that the cloud is transported to the Northern Hemisphere
through a lower stratospheric pathway and to middle and high latitudes of the Southern
Hemisphere through a middle stratospheric pathway, centered at about 30 hPa. The
direction of the middle stratospheric pathway depends on the season of the eruption.
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1. Introduction

[2] Volcanic eruptions are a major source of stratospheric
aerosol [Deshler, 2008]. Sulfur dioxide (SO2) injected into
the stratosphere by large eruptions is oxidized into sulfate
aerosol and can increase the background aerosol mass by
orders of magnitude. The induced perturbation of the
stratospheric aerosol layer can persist for a few years. Dur-
ing such time the aerosol from a tropical eruption can spread
over the whole globe, changing the global climate in a sig-
nificant way [Robock, 2000].
[3] Mount Pinatubo is located in the Philippines (15.1�N,

120.4�E). Pinatubo erupted on 15 June 1991, injecting about
20 Tg of SO2 into the atmosphere [Bluth et al., 1992]. The
resulting sulfate cloud was detected at altitudes higher than
30 km [McCormick and Veiga, 1992]. After about 1 year,
roughly one third of the volcanic aerosol was still present in
the atmosphere. The sulfate cloud generated by the eruption
of Mount Pinatubo circled the globe and crossed the equator

within 3 weeks of the eruption [Guo et al., 2004;McCormick
and Veiga, 1992] and diffused to middle and high latitudes in
both the Northern and the Southern hemispheres.
[4] Such broad meridional spreading is not typical of all

tropical eruptions. The volcanic cloud from the April 1982 El
Chichón eruption, located 2� north of Mount Pinatubo, was
mainly confined to the Northern Hemisphere [McCormick
and Swissler, 1983]. Young et al. [1994] first suggested that
the cross-equatorial transport of the Mount Pinatubo cloud
was due to local absorption of infrared radiation from the
troposphere. Timmreck et al. [1999a] showed this hypothesis
was plausible with a one-simulation study using the
MAECHAM4 Hamburg climate model. Niemeier et al.
[2009] applied the most recent version of the MAECHAM5
Hamburg climate model, coupled to an aerosol microphysi-
cal model, to the study of the Pinatubo eruption, showing that
the radiative heating of the aerosol has a strong impact on the
behavior of the volcanic cloud. Stenchikov et al. [1998] and
Kirchner et al. [1999] showed that the absorption of near-IR
radiation by the volcanic aerosol contributes significantly to
the stratospheric heating. Thomas et al. [2009] showed by
means of simulations with prescribed aerosol distributions
that the phase of the quasi-biennial oscillation (QBO) at the
moment of the eruption can produce a large stratospheric
temperature response.
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[5] It is still unclear if the eruption of Mount Pinatubo
modified the circulation in the Southern Hemisphere.
Robock et al. [2007] identified no significant anomaly in the
Southern Hemisphere circulation in their simulations with
the NASA/GISS ModelE general circulation model. In
contrast, Karpechko et al. [2010], Marshall [2003], Roscoe
and Haigh [2007], and Crooks and Gray [2005] found a
negative response of the Southern Annular Mode in both
models and observations.
[6] In this paper, we simulate a Mount Pinatubo–like

eruption and the dispersal of the subsequent sulfate cloud
with the free-running Goddard Earth Observing System
(GEOS-5) general circulation model [Rienecker et al., 2008],
coupled to the GOCART aerosol transport module [Colarco
et al., 2010] and a stratospheric chemistry module [Pawson
et al., 2008]. GEOS-5 is here for the first time applied to
the simulation of stratospheric volcanic aerosol. An eruption
as large as the Mount Pinatubo eruption represents a sig-
nificant perturbation of the atmosphere radiative balance
and might induce changes in the stratospheric dynamics. In
this work we investigate the dynamical response of the
stratosphere to an injection of sulfate aerosol due to a Pina-
tubo-like eruption, focusing on the first 6 months after the
eruption. We show that the absorption of longwave radiation
by the volcanic sulfate cloud largely determines the transport
of the cloud itself. We do not simulate the effect of the QBO
on the transport of the volcanic cloud.
[7] In section 2, we describe the model and the mod-

ifications introduced to simulate stratospheric volcanic
aerosol. In section 3, we present the model results and the
comparison with observations of aerosol optical thickness
(AOT) from the Stratospheric Aerosol and Gas Experiment
II (SAGE II) and the Advanced Very High Resolution
Radiometer (AVHRR), and with vertical profiles of SO2

observed by the Microwave Limb Sounder (MLS). In
section 4 we show how the inclusion of a radiative interac-
tive volcanic aerosol is essential for a reliable simulation of
the dispersal of the Mount Pinatubo volcanic cloud. We
calculate the perturbation of background stratospheric winds
and show the results of the simulation of a volcanic eruption
of magnitude equal to one fourth of a Pinatubo-like eruption.
Finally, in section 5 we present two experiments to investi-
gate the effects of the season of the eruption on the transport
of the volcanic cloud. Table 1 lists the experiments included
in this work.

2. The GEOS-5 General Circulation Model

[8] All simulations presented in this study are performed
with the Goddard Earth Observing System, Version 5

(GEOS-5) model [Rienecker et al., 2008], a system of
component models integrated using the Earth System Mod-
eling Framework (ESMF).
[9] The GEOS-5 atmospheric general circulation model

(AGCM) is able to perform weather and climate simulations
used for atmospheric analyses, weather forecasts and climate
simulations and predictions. GEOS-5 uses a finite volume
dynamical core [Lin, 2004] combined with a physics pack-
age that describes moist processes, radiation, turbulent
mixing and surface processes. Convection is parameterized
using the relaxed Arakawa-Schubert (RAS) scheme
[Moorthi and Suarez, 1992], and is combined with a prog-
nostic cloud scheme. The boundary layer turbulent mixing is
parameterized with the schemes by Louis et al. [1982] and
Lock et al. [2000] for stable and unstable situations,
respectively. The land surface model is composed of a
catchment-based hydrological model [Koster et al., 2000]
and a multilayer snow model [Stieglitz et al., 2001]. The
radiative transfer model consists of a solar radiation model
[Chou and Suarez, 1999] and a thermal radiation model
[Chou et al., 2001]. The solar radiation model includes
absorption due to water vapor, O3, O2, CO2, clouds and
aerosols. The thermal radiation model includes absorption
by water vapor, CO2, O3 and most of the minor trace gases,
as well as clouds and aerosols.
[10] GEOS-5 additionally contains modules for chemistry

and aerosols. Coupled chemistry-climate simulations are
performed using a module for stratospheric chemistry
[Pawson et al., 2008]. The aerosol transport module is based
on the Goddard Chemistry, Aerosol, Radiation and Transport
(GOCART) model [Chin et al., 2000, 2002]. An online ver-
sion of GOCART in the GEOS modeling system is described
and evaluated by Colarco et al. [2010]. GOCART includes a
parameterization of the chemical production of SO4 aerosol
from oxidation of dimethyl sulfide (DMS) by OH during day
and NO3 during night, and from oxidation of SO2 by OH in
the gas phase and by H2O2 in the aqueous phase. In this study
we only consider SO2 injections from our Mount Pinatubo–
like source and neglect other aerosols besides sulfate (e.g.,
dust, sea salt, and carbonaceous aerosols).
[11] We modify GOCART to include the gravitational

settling of sulfate in order to properly simulate stratospheric
volcanic aerosol. The settling velocity is a function of the
particle’s wet radius. The sulfate growth factor bSO4 is cal-
culated as a function of the relative humidity RH following
Petters and Kreidenweis [2007] as

bSO4
¼ rwet

rdry
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
RH 1� kð Þ � 1

RH � 1

3

r
;

Table 1. List of Performed Experiments

Name
Injected
SO2 (Tg)

Injection
Height (km) Eruption Date

Radiatively
Interactive
Aerosol

Ensemble
Members

REF 20 16–18 15 June 1991 Yes 8
CONTROL 20 16–18 15 June 1991 No 8
CONTROL-HIGH 20 17–27 15 June 1991 No 3
0.25REF 5 16–18 15 June 1991 Yes 3
0.25REF-HIGH 5 17–27 15 June 1991 Yes 3
WINTER 20 16–18 15 January 1991 Yes 3
SPRING 20 16–18 4 April 1991 Yes 3
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where the hygroscopic parameter k is equal to 1.19 and rdry
is the dry effective radius, which is a tuning parameter. We
performed several sensitivity tests varying the value of the
sulfate dry radius. Assuming a lognormal unimodal distri-
bution, the median radius rm and the effective radius re are
related through the equation

re ¼ rm exp
5

2
1n2s

� �
;

where s is the standard deviation of the lognormal distri-
bution. In this work we assume that the aerosol is lognor-
mally distributed with median radius equal to 0.35 mm and
standard deviation 1.25. This corresponds to an effective dry
radius equal to 0.40 mm. The chosen median radius is within
the range of observed values for sulfate aerosol from Mount
Pinatubo [e.g., Bingen et al., 2004; Russell et al., 1996;
Stenchikov et al., 1998], and results in good agreement with
the AOT retrieved by SAGE II and AVHRR (section 3.1).
The simulated total mass of sulfate is reduced by a factor e in
about 1 year (Table 2), in agreement with observations
[McCormick et al., 1995].
[12] GEOS-5 can run with radiatively interactive aerosol,

which means that the aerosol concentrations simulated by
GOCART can modify the meteorological fields. The simu-
lations shown in section 3 are performed with radiatively
interactive aerosol, if not otherwise specified. Some results
from runs with noninteractive aerosol are presented in
section 4. The aerosol optical properties are read from look-
up tables previously generated using the OPAC database
[Hess et al., 1998]. The look-up tables contain the aerosol
mass scattering and extinction coefficients as a function of
relative humidity and radiation wavelength. We apply Mie
theory to calculate the aerosol optical properties, and assume
that aerosol is lognormally distributed and externally mixed.
[13] GEOS-5 can be run both in climate or data assimila-

tion mode. The simulations performed in this study are cli-
mate mode simulations, i.e., they provide a multiyear
forecast starting from specified initial conditions. We apply
GEOS-5 with resolution 2.0� latitude by 2.5� longitude. The
model has 72 vertical layers in a hybrid coordinate system
from surface to 0.01 hPa (�95 km). The model version used
in this work does not include a simulation of the QBO, but
simulates easterly winds in the tropical stratosphere, as

observed at the time of the eruption in the middle strato-
sphere. We neglect the aerosol impact on the stratospheric
chemistry.

3. Simulation of a Mount Pinatubo–Like Eruption

[14] We simulated a Pinatubo-like eruption by injecting 20
Tg of SO2 in the grid box containing Mount Pinatubo during
the day of 15 June 1991 (experiment REF). The SO2 load is
initially distributed between 16 and 18 km and is lofted to
higher altitudes within the first weeks because of the model
response to radiatively interacting aerosol. Other model
studies [e.g., Timmreck et al., 1999b; Zhao et al., 1995]
place the injection of SO2 at a higher altitude, basing their
assumption on SAGE II observations. At the moment of the
eruption, however, SAGE II was observing at about 70�N
[Trepte et al., 1993], and observed at the latitude of Mount
Pinatubo only 15 days after the eruption. At that stage the
absorption of radiation by the volcanic aerosol had already
induced the lofting of the cloud itself, as we show later.
[15] We tested different assumptions on the injection

height by performing additional simulations with injection
of SO2 between 16 and 25, 17 and 27, 20 and 27, and 20 and
30 km. In all these simulations, the bulk of the volcanic
cloud reached altitudes much higher than the observations.
Our choice of an injection altitude between 16 and 18 km,
lower than assumed by the other model studies, results in a
reasonable simulation of the SAGE II vertical profile
observed a couple of weeks after the eruption (section 3.2).
[16] We performed an ensemble of eight transient simu-

lations, each spanning from January 1991 to December 1997
(experiment REF). The initial conditions of the ensemble
members are the meteorological fields of eight different
Januaries from a transient 8 year control simulation with no
volcanic perturbation, which was initialized with climato-
logical meteorological fields typical of the year 2000. The
CONTROL experiment includes this transient control sim-
ulation and seven additional simulations, initialized with the
same sets of initial conditions used for experiment REF. All
the model results shown in this work are ensemble averages,
if not otherwise specified.
[17] The SO2 mass injected in our GEOS-5 simulations is

reduced by a factor of e after 29.8 days (ensemble mean), in
good agreement with observations by the Total Ozone
Mapping Spectrometer (TOMS) [Bluth et al., 1992; Guo
et al., 2004]. The simulated SO4 is reduced by a factor of
e in 347 days, also in good agreement with observations
[Barnes and Hofmann, 1997; Nagai et al., 2010]. Table 2
shows the e-folding times of SO2 and SO4 for each ensem-
ble member.
[18] Figure 1 shows the temporal evolution of the globally

averaged AOT at 550 nm. The results from our simulations
are compared to SAGE II [Thomason et al., 1997] and
AVHRR [Long and Stowe, 1994] observations. We removed
background values from the AVHRR observations, calcu-
lated as the monthly mean AOT over the available months
preceeding the eruption (June 1989 to May 1991). In
Figure 1 we indicate the AOT ensemble average with a solid
black line, and the variability of the model with the light blue
shading. The variability increases particularly starting from
November 1991, as reflected also in the broad range of e-
folding times of Table 2, but is relatively small during the

Table 2. SO2 and SO4 e-Folding Time of Each Ensemble Member
of Experiment REF and Average Values and Standard Deviation of
the Ensemble

Ensemble Member

e-Folding Time

SO2 SO4

1 31 373
2 29 340
3 26 243
4 34 426
5 29 372
6 29 345
7 26 275
8 34 402
Average 29.8 347
Standard deviation 2.9 57.7
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first 6 months after the eruption. The simulated peak value is
in reasonable agreement with AVHRR, but is higher in
magnitude and occurred earlier in time than the SAGE II
data. Optical depths of about 0.15 or more, however, saturate
the SAGE II measurement [Russell et al., 1996]. Hence, the
value S of AOT calculated from SAGE II observations are
probably underestimated.

3.1. Horizontal Dispersion of the Volcanic Cloud

[19] Both in the observations and in our simulations, the
volcanic cloud is transported northward out of the tropics
and southward toward the equator shortly after the eruption.
Figure 2 shows the zonal mean of the AOT, averaged over
the 8 ensemble members, as a function of time, for our
simulations and for the satellite observations. The model
reproduces reasonably well the spreading of the cloud into
the two hemispheres observed by SAGE II and AVHRR.
GEOS-5 simulates well the time scale and the intensity of
the tropical peak compared to AVHRR. As expected from
the profiles in Figure 1, the magnitude of the simulated
aerosol optical thickness is larger than the one observed by
SAGE II. GEOS-5 simulates also the second peak in 1992 at
45�N. The high AOT values observed at 60�S in November
1991 might be due to the eruption of the Cerro Hudson
volcano (72.97�W, 45.90�S) between August and October
1991, which is not included in our simulations. The eruption
of Cerro Hudson injected about 1.5 Tg of SO2 between 12
and 16 km [Saxena et al., 1995], and created a layer of fresh
aerosol particles at 15 km altitude [Pitts and Thomason,
1993].
[20] GEOS-5 transports a large fraction of the cloud

southward shortly after the eruption, but slightly under-
estimates the transport across the equator with respect to the
observations. While the simulated peak is located on the
equator, both SAGE II and AVHRR detected the peak at
about 5�S. The results by Timmreck et al. [1999a] also
underestimated the cross-equatorial transport. They sug-
gested that the missing transport might be due to the spe-
cific meteorological situation in June 1991, when a strong
high over Tibet induced a southward transport of the cloud.
We tested the importance of the specific meteorological
situation by performing a simulation starting on 14 June
1991 with specified initial conditions from the Modern Era

Retrospective Analyses for Research and Applications
(MERRA) [Rienecker et al., 2011]. Such initial conditions
are derived from observational data and are therefore close
to the real meteorological situation that took place in June
1991. The results (not shown) are similar to the reference
simulations, with a peak of the AOT on the equator. This
suggests that the detailed meteorological situation at the
moment of the eruption is not responsible for the additional
southward transport.
[21] The sensitivity tests that we performed with different

SO2 injection heights (16–25, 17–27, 20–27, and 20–30 km)
showed very similar AOT horizontal distributions, even if
the volcanic clouds reached altitudes higher than observed.
The small initial underestimation of the southward transport
might be due to the lack of radiatively interactive SO2 and
QBO in the version of GEOS-5 used in this work. Lary et al.
[1994] estimated that the SO2 heating rate can be up to 1 K/d
and could therefore be significant in the early stages of the
cloud’s evolution. Hitchman et al. [1994] showed that the
QBO plays an important role in the meridional distribution
of stratospheric aerosol. Trepte et al. [1993] discussed how
the phase of the QBO might have influenced the dispersal of
the Mount Pinatubo volcanic cloud.

3.2. Vertical Distribution of the Volcanic Cloud

[22] We compare our results with SO2 profiles taken with
MLS onboard the Upper Atmosphere Research Satellite
(UARS) between 10�S and the equator on 21 September
1991 (Figure 3) [Read et al., 1993]. The simulated profile
corresponds to the September 1991 monthly mean of the
SO2 vertical profiles, averaged over the latitudinal band
between 10�S and 10�N. We averaged over a latitudinal
band larger than the MLS observations to compensate for
different latitudinal rates of transport between simulations
and observations. Both the modeled and observed SO2 pro-
files peak at about 20 hPa with similar magnitude. The
sensitivity tests that we performed varying the injection
altitude of SO2 showed differences in the vertical profile of
the volcanic cloud during the first months, but the equilib-
rium level where the bulk of the cloud settles was in all tests
at about 20 hPa.
[23] Figure 4 shows the vertical distribution of the zonally

averaged simulated SO4 concentration (ensemble mean) on

Figure 1. Global mean of the visible aerosol optical thickness as simulated by GEOS-5 (experiment
REF, black line) and as derived by Stratospheric Aerosol and Gas Experiment II (SAGE II; red line),
and Advanced Very High Resolution Radiometer (AVHRR; blue line) data. Background values have been
removed from the AVHRR data. The blue shaded area shows the variability of the ensemble.
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15 July, 1 September, 1 November, and 31 December 1991.
The bulk of the cloud is between 50 and 20 hPa in July 1991.
The model results are in agreement with SAGE II observa-
tional satellite data [e.g., Anderson and Saxena, 1996;
McCormick and Veiga, 1992; Trepte et al., 1993; Vernier et
al., 2011]. McCormick and Veiga [1992] detected the cloud
top at altitudes up to 29 km (about 13 hPa) during June, July
and August 1991. Trepte et al. [1993] showed the latitude-
altitude cross section of the SAGE II 1 mm extinction ratio.
Data were first collected in the tropical region between 1
July and 20 July, and show values higher than the back-
ground between the tropopause and 30 km (�11 hPa)

altitude, in reasonable agreement with Figure 4 (top left).
The simulated vertical profiles for December (Figure 4,
bottom right) also agrees with SAGE II data as analyzed by
Vernier et al. [2011]. They detected the volcanic cloud at
altitudes higher than 35 km, with its bulk between 26 and
27 km (�21–18 hPa).

3.3. Cross-Equatorial Transport

[24] The simulated volcanic cloud reaches middle and
high latitudes through two main transport pathways
(Figure 4). While part of the cloud is transported northward
through the lower stratosphere (�100 hPa), a portion of the

Figure 2. Zonal mean of the aerosol optical thickness at 550 nm for the Mount Pinatubo eruption in the
GEOS-5 simulations (top, experiment REF), SAGE II (middle), and AVHRR (bottom) observations.
Background values have been removed from the AVHRR observations. The red triangles indicate the
latitude and time of the Mount Pinatubo eruption, while the blue triangles in Figures 2 (middle) and
2 (bottom) show the time and location of the Cerro Hudson eruption.
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cloud reaches southern higher latitudes through the middle
stratosphere between 5 and 50 hPa. The northward transport
is underway within a week of the eruption. The southward
transport begins later, and the simulated volcanic cloud

arrives at 90�S in the middle of November (Figure 4,
bottom). Hitchman et al. [1994] inferred the presence of an
upper and lower regime from the stratospheric aerosol cli-
matology they derived from satellite data. The simulated
volcanic cloud crosses the equator during the first two weeks
after the eruption, but the transport from the tropics to
southern midlatitudes does not start until the middle of July
and becomes significant in September 1991 (Figure 4, top
right).
[25] The middle stratospheric transport regime is illus-

trated in Figure 5. In our simulations the volcanic cloud
reaches 30 hPa about one week after the eruption (not
shown) and is by then still located in the Northern Hemi-
sphere. At the same time part of the cloud has already
reached 40�N and 30�S through the lower stratospheric
pathway (not shown). At the beginning of July (Figure 5,
top) the volcanic cloud has dispersed longitudinally over
nearly the whole globe, but is still confined in the tropical
area, with a sharp gradient at 20�S. The same configuration
is observed in SAGE II data [McCormick and Veiga, 1992;
Trepte et al., 1993]. This fast easterly transport, faster than in
the observations, is probably due to the easterlies simulated
in our runs instead of the different phases of the QBO.
[26] About 1 month after the eruption we simulate the first

intrusions of volcanic material from the southern tropics to
midlatitudes. The simulated volcanic SO4 enters the mid-
latitudes through tongue-like structures in the middle
stratosphere (Figure 5, bottom). Such structures have been
identified by Randel et al. [1993] as the path of mixing from
the tropics to midlatitudes. Trepte et al. [1993] detected in
the SAGE II observations similar intrusions detaching from

Figure 4. Zonal mean of the simulated SO4 concentration from Mount Pinatubo (experiment REF) on
(top left) 15 July, (top right) 1 September, (bottom left) 1 November, and (bottom right) 31 December
1991.

Figure 3. Average vertical profile of the simulated
monthly average of the SO2 mixing ratio (10�S–10�N).
The black solid line represents the ensemble average, and
the blue shaded area shows the variability of the ensemble
REF. The diamonds are Microwave Limb Sounder (MLS)
measurements by Read et al. [1993]. The red box at the bot-
tom shows the initial injection altitude range.
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the tropical cloud at 20�S between 11 July 1991 and 18 July
1991.
[27] Our transport simulation of the volcanic cloud from

the Mount Pinatubo eruption is in good agreement with the
observations. Both the vertical and horizontal distribution
are similar to the one detected by SAGE II and AVHRR, and
also the time scale of the mixing to middle and high latitudes
is reasonably close to the observed one.

4. Importance of a Radiatively Active Volcanic
Aerosol

[28] We investigate how the interaction between volcanic
aerosol from Mount Pinatubo and radiation changed the
background mixing within the tropics and from the tropics to
midlatitudes. We performed an ensemble of simulations with
no interactive aerosol (experiment CONTROL), and com-
pared them to the reference simulation of the dispersal of the
volcanic cloud presented in section 3 (experiment REF).
Each ensemble member has exactly the same setup of the
reference simulations, and is initialized with the same sets of
initial conditions.
[29] Figure 6 (top) shows the temporal evolution of the

zonally averaged AOT at 550 nm in the experiment CON-
TROL. Here, most of the volcanic cloud is directed toward
the Northern Hemisphere, faster than in the experiment REF
(Figure 2, top). This is due to the different vertical distri-
bution of the volcanic cloud: in the experiment CONTROL
the volcanic cloud stays at much lower altitudes (Figure 7,

middle) than in the experiment REF (Figure 7, left). Hence,
the noninteractive cloud of experiment CONTROL does not
rise enough to enter the middle stratosphere, and the
advection of the cloud to midlatitudes takes place only
through the lower stratosphere. The e-folding time of SO4 is
much lower in the experiment CONTROL than in the ref-
erence case REF (74 days against 346 days).
[30] We also performed an ensemble of three noninterac-

tive simulations directly injecting SO2 between 17 and
27 km (experiment CONTROL-HIGH). In these simulations
the noninteractive SO2 cloud is injected up to the middle
stratosphere. As in the experiment CONTROL, the cross-
equatorial transport (Figure 6, bottom) is not as intense as in
the reference experiment, and the volcanic cloud looks even
more confined to the tropics than in the upper panel of
Figure 6. Even if the SO4 cloud reaches the middle strato-
sphere (Figure 7, right) and part of the cloud crosses the
equator, also in the experiment CONTROL-HIGH the vol-
canic aerosol remains north of 20�S. The radiative interac-
tion of the volcanic aerosols is therefore essential for a good
simulation of the dispersal of the volcanic cloud, as observed
by Timmreck et al. [1999a].
[31] We are aware that our simulations of the transport of

the sulfate cloud from Mount Pinatubo are not complete
because of the lack of a QBO in the model version used for
this work. However, the influence of the QBO on the aerosol
distribution is likely smaller than the perturbation to the
stratospheric dynamics induced by an eruption of magnitude
like the one of Mount Pinatubo (section 4.1).

Figure 5. Horizontal distribution of simulated SO4 column mass (experiment REF) between 30 hPa and
the top of the atmosphere on (top) 2 July 1991 and (bottom) 16 July 1991.
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Figure 7. December 1991 monthly mean of the zonally averaged SO4 concentration in the experiments
(left) REF, (middle) CONTROL, and (right) CONTROL-HIGH.

Figure 6. Temporal evolution of the zonally averaged simulated aerosol optical thickness at 550 nm in
the ensembles with no radiatively interactive aerosol and SO2 injection height between (top) 16 and
18 km (experiment CONTROL) and (bottom) 17 and 27 km (experiment CONTROL-HIGH). The
red triangle indicates the latitude and time of the Mount Pinatubo eruption.
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4.1. Perturbation of the Background Winds

[32] In Figure 8 we show the perturbation of the horizontal
winds induced by the interaction between radiation and
volcanic aerosol on 16 June 1991 at 70 hPa and on 1 July
1991 at 30 hPa, together with the aerosol heating rates due to
longwave radiation. The 16 June perturbation is calculated
as the difference of the horizontal winds between the inter-
active simulations REF and the noninteractive simulations
CONTROL. To reduce noise effects, the 1 July perturbation
is calculated as the difference of the horizontal winds
between the interactive simulations and an ensemble of eight
noninteractive simulations initialized on the 00:00 UTC of
1 July 1991 with initial conditions from 1 July 1991 of the
REF simulations. This procedure corresponds to running
interactive simulations until 30 June 1991, and then
switching off the aerosol radiative interaction.
[33] The transient warming due largely to longwave

absorption generates a divergent motion from the location of
the volcanic cloud already one day after the eruption
(Figure 8, top). The simulated volcanic cloud is still at the
same latitude as Mount Pinatubo, and has not risen yet to

altitudes higher than 50 hPa. Two weeks after the eruption
(Figure 8, bottom) the cloud has circled around the whole
globe and, in the middle stratosphere, is still confined
between 20�S and 20�N. The heating induced by the SO4

absorption of mainly longwave radiation produces a pertur-
bation of the horizontal winds that diffuses the volcanic
cloud to the north toward the tropics and to the south across
the equator. By December 1991 the winds at 30 hPa are no
longer significantly perturbed. At 50 hPa, where the SO4

concentration decreases (Figure 4), the winds converge
toward the center of the cloud. At altitudes lower than
50 hPa no consistent perturbation is simulated.
[34] GEOS-5 simulates the formation of two anticyclonic

vortices near the location of the volcanic cloud during the
second week after the eruption, north and south of the
equator, respectively (Figure 9). This feature is similar to
the response to a tropical tropospheric heating source cal-
culated by Gill [1980], with a high-pressure system at the
top of the perturbation and a low-pressure one at the bottom.
[35] The divergent winds are strongly related to an

increased upwelling. Figure 10 shows the perturbation of the
wind’s vertical velocity on the same days and levels depicted

Figure 8. Streamlines of the difference between the horizontal wind field in the interactive (REF) and in
the noninteractive (CONTROL) experiments on (top) 16 June 1991 and (bottom) 1 July 1991 at 70 and
30 hPa altitudes, respectively. The shaded areas (nonlinear scale at the bottom) show the heating rates
of sulfate from the eruption of Mount Pinatubo due to the interaction with longwave radiation. The wind
speed (cm/s) is proportional to the thickness of the streamline contours (see scale at the bottom). Wind
speed anomalies of less than 5 cm/s are not plotted.
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in Figure 8, and the contours of the SO4 distribution. The
increase of the vertical velocity is significant: in the non-
interactive case the values of the vertical velocity are up to
0.5 mm/s, while in the perturbed case they reach up to
4 mm/s in the regions with highest concentration of sulfate.
In some regions the perturbation even changes the sign of
the vertical wind. Fairlie [1995] also calculated perturba-
tions of the vertical winds up to 4 mm/s.
[36] The absorption of longwave radiation by volcanic

SO4 is largely responsible for the “self-lofting” of the vol-
canic cloud and for the divergent motion from the areas with
highest SO4 concentration. As already mentioned in
section 3.1, the introduction of radiative interactive SO2

could possibly increase the lofting and the spreading of the
cloud during the first months after the eruption.
[37] We can divide the transport of the volcanic cloud to

the Southern Hemisphere in two stages: The first stage,
driven mainly by the absorption of longwave radiation,
comprises the transport from the latitude of the eruption
across the equator and to the Southern Hemisphere tropics.
The second stage includes the transport of the cloud from the

tropics to southern middle and high latitudes through the
structures depicted in Figure 5.
[38] We investigated if the volcanic perturbation from

Mount Pinatubo enhanced such structures, and hence the
mixing between tropics and midlatitudes, by analyzing the
distribution of N2O. Climatologically, the concentration of
N2O is highest in the tropics and presents a strong summer
gradient between the tropics and midlatitudes. The sources
of N2O are located at the surface and its concentration
decreases with altitude.
[39] Compared to the unperturbed case, GEOS-5 simu-

lates decreased N2O at about 30 hPa and increased N2O at
10 hPa in the tropical region starting from September 1991
(Figure 11), compatible with the lofting of air induced by the
volcanic perturbation. The effect of the lofting weakens
starting from January 1992 and no significant change in the
N2O concentration can be detected after October 1992.
There is no sign of increased N2O transport from the tropics
to midlatitudes. This suggests that the radiative perturbation
due to the volcanic aerosol did not enhance the mixing
between the tropics and midlatitudes in our simulations. The

Figure 9. Horizontal distribution of the SO4 concentration in the experiment REF and streamlines of the
perturbation of the horizontal winds (REF-CONTROL) at (top) 30 and (bottom) 100 hPa on 24 June 1991.
The wind speed is proportional to the thickness of the streamline contours (see scale at the bottom). Wind
speeds of less than 0.5 m/s are not plotted.
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analysis of the age of air at 30 hPa leads to similar conclu-
sion (not shown).

4.2. Impact of the Sulfate Burden on the Spreading
of the Volcanic Cloud

[40] We performed two interactive experiments lowering
the amount of injected SO2 to 5 Tg. In the first experiment we
injected SO2 between 16 and 18 km (experiment 0.25REF), in
the second between 17 and 27 km (experiment 0.25REF-
HIGH). The set up of the simulations is otherwise identical
to the reference simulation. Figure 12 shows the vertical
profiles of the simulated zonal mean SO4 on 15 October
1991 in the two experiments. In the experiment with low
injection height (Figure 12, left) the volcanic cloud is mainly
confined to the lower stratosphere, showing that 5 Tg of SO2

do not produce a strong enough perturbation to raise the
cloud to the middle stratosphere.
[41] In the second experiment (Figure 12, right) the cloud

is injected directly in the middle stratosphere and is trans-
ported to the Southern Hemisphere through the same middle
stratospheric pathway as in the reference simulation. The
peak of SO4, however, is north of the equator, while in the
reference simulation the peak is, already on 15 July, partly in
the Southern Hemisphere (Figure 4). The cross-equatorial
transport is slower in the experiment with low burden than in

the reference simulations, but the transport pattern is similar
to the one of the reference simulations. The outer edge of the
cloud crosses the equator in August 1991 and diffuses

Figure 10. Vertical velocity perturbation (shaded areas) in mm/s (REF-CONTROL) at (top) 70 hPa
on 16 June 1991 and (bottom) 30 hPa on 1 July 1991. The contours mark the concentration of SO4

(in mg/m3). The average is calculated over five ensemble members since the needed diagnostic was
not available for all the eight ensemble members.

Figure 11. Monthly and zonal mean of the anomaly of the
N2O concentrations in December 1991 (REF-CONTROL).
The dotted areas mark regions where the anomaly is signifi-
cant at 95% level.
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outside the tropical area starting from October 1991, com-
pared to the end of June 1991 and August 1991, respec-
tively, for experiment REF. This shows that the perturbation
induced by the injection of 5 Tg of sulfate is not strong
enough to bring the cloud to the middle stratosphere but, if
directly injected at that altitude, the cloud is transported
anyhow south of the equator and to midlatitudes.

5. Effect of the Eruption Season on the
Cross-Equatorial Transport

[42] The Mount Pinatubo and El Chichón volcanic clouds
showed significantly different latitude dispersion patterns,
with most of the El Chichón cloud remaining in the Northern
Hemisphere. In order to understand this difference, we per-
formed two additional Pinatubo-like experiments injecting
20 Tg of SO2 on 15 January 1991 (experiment WINTER)
and on 4 April 1991, the day of the 1982 eruption of
El Chichón (experiment SPRING). Each experiment con-
sists of three simulations, initialized on 1 January 1991 with
three of the sets of initial condition used for the experiment
REF (section 3). These experiments are identical to the
reference simulations, except for the SO2 injection date.
[43] Figure 13 shows the temporal evolution of the zonally

averaged AOT in the experiments WINTER, SPRING and
REF. In the experiment WINTER (Figure 13, top) the vol-
canic cloud stays mainly in the Northern Hemisphere, even
though it reaches the same altitude as in the experiment REF
(not shown). The peak of SO4 concentration is in the
Northern Hemisphere between 10�N and 30�N in March.
During the following 4 months the sulfate cloud extends
across the equator. The middle stratospheric pathway is
present also in this simulation, but is directed toward northern
high latitudes, following the direction of the Brewer-Dobson
circulation. It is not until June that a small amount of sulfate
crosses 30�S and reaches the southern midlatitudes through
the middle stratospheric pathway identified in the experiment
REF.

[44] In the experiment SPRING (Figure 13, middle) the
peak of sulfate aerosol also stays in the Northern Hemi-
sphere, between 0 and 10�N. The edge of the cloud crosses
the equator already during the first month, and starts
spreading to midlatitudes in June, as in the experiment
WINTER and REF. A considerable fraction of the cloud is
directed to southern midlatitudes through the middle strato-
spheric pathway, even more than in the experiment REF
(Figure 13, bottom). The difference might be because in
June more SO2 has been converted into SO4 in the experi-
ments SPRING than in the experiment REF because of the
different injection dates.
[45] The season of the eruption alone, therefore, does not

appear to be responsible for the difference in transport pat-
tern of the El Chichón and Mount Pinatubo volcanic clouds.

6. Conclusions

[46] We simulate a Mount Pinatubo–like eruption with the
free-running general circulation model GEOS-5, coupled to
the aerosol transport module GOCART. Our simulations of
the transport of the volcanic cloud from the Mount Pinatu-
bo’s eruption are in good agreement with observations. By
comparing simulations with and without radiative interactive
aerosol, we show that including the interaction between
radiation and volcanic SO4 is essential to properly simulate
the impact of volcanoes on the atmospheric circulation, as
suggested by Young et al. [1994] and Fairlie [1995].
[47] We can divide the problem of the transport of the

Pinatubo aerosol to the Southern Hemisphere in two stages:
During the first stage, the absorption of longwave radiation
from the cloud induces a lofting and a divergent motion from
the center of the cloud. This self-induced transport of the
cloud pushes the aerosol northward and southward across
the equator and into the SH tropics. The magnitude of the
perturbation of the vertical velocity is closely related to the
amount and distribution of volcanic SO4. This perturbation
of the tropical circulation persists until December 1991.

Figure 12. Zonal mean of the SO4 concentrations on 15 October 1991 in the simulations with low
volcanic burden. In these experiments we injected 5 Tg of SO2 (left) between 16 and 18 km (0.25REF)
and (right) between 17 and 27 km (0.25REF-HIGH) at the same time and location of the Mount Pinatubo
eruption (denoted as the red triangle).
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During this first stage, the volcanic cloud reaches middle and
high latitudes of the Northern Hemisphere through the lower
stratosphere at about 100 hPa. In the middle stratosphere the
cloud is roughly confined within 20�S and 40�N.
[48] The second stage, starting from about 1 month after

the eruption, includes the transport from 30�S to southern
middle and high latitudes. Such transport takes place in the
middle stratosphere through background structures [Randel
et al., 1993]. Analyzing the horizontal distribution of N2O,

we could not detect any significant enhancement of the
mixing between tropics and midlatitudes due to the radiative
impact of volcanic aerosol.
[49] The transport across the equator of the volcanic cloud

from a Mount Pinatubo–like eruption is strongly dependent
on the season of the eruption and is much enhanced if the
eruption takes place during or just prior to the southern
hemispheric winter. The seasonal dependence of the trans-
port, however, does not appear to be responsible for the
different transport pattern of the volcanic cloud from Mount
Pinatubo and El Chichón.
[50] Our simulations suggest that the difference in the

transport of the El Chichón and Mount Pinatubo cloud is
more likely related to the amount of SO2 injected in the
atmosphere than to the eruption season. An injected burden
equal to 5 Tg SO2 is not sufficient to take the volcanic cloud
to the middle stratosphere and, therefore, to the altitude
where the volcanic cloud would be transported to the
Southern Hemisphere. El Chichón injected about 7 Tg of
SO2 in the atmosphere [Bluth et al., 1992], which might not
have been enough to induce significant lofting to the middle
stratosphere.
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